INTRODUCTION
The majority of language functions are processed in the left hemisphere of the human brain. Both lesion studies and functional imaging examinations demonstrated the existence of two major language zones: An anterior language area in the inferior lateral frontal lobe (including the classical "Broca's area"), and a posterior language zone in the parietotemporal region (including the classical "Wernicke's area"). When structural damage to these areas occurs in the adult brain, this typically results in location-related language disorders; most importantly, anterior lesions cause "motor aphasias," and posterior lesions "sensory aphasias" (Kertesz et al., 1979) . For the recovery from such lesions, enhanced participation of the right hemisphere (RH) has been demonstrated as a possible mechanism (Weiller et al., 1995; Musso et al., 1999) ; however, recovery from aphasia often remains incomplete, and severe persisting disturbances are not uncommon (Goodglass, 1993 ).
This situation is radically different when corresponding brain insults occur prenatally or during the first few years of life. Affected children usually do not develop persistent aphasia even in cases with extensive LH lesions (Hecaen, 1976; Woods and Carey, 1979; Vargha-Khadem et al., 1985) or left hemispherectomies (Verity et al., 1982; Strauss and Verity, 1983; Ogden, 1988; Vargha-Khadem et al., 1992 , Muter et al., 1997 . These observations strongly suggest that in such children, the undamaged right hemisphere (RH) is able to take over language functions. Indeed, invasive techniques such as the Amytal (Wada) test (Rasmussen and Milner, 1977; Rey et al., 1988; Satz et al., 1988; Woods et al., 1988) or subdural electrode stimulation (Duchowny et al., 1996) have demonstrated a RH dominance for language in a large proportion of patients with early LH brain lesions.
Over the past decade, functional imaging examinations employing PET or fMRI have been demonstrated to provide a less invasive alternative for the assessment of hemispheric language dominance and are increasingly used in the preoperative work up of surgery candidates. These methods rely on the localization of brain activation during language processing, as opposed to the temporary inhibition of one hemisphere during the Wada procedure. Considering the validity of these techniques in presurgical situations, it seems unlikely that the Wada procedure will be totally replaced by activation techniques, since it actually "mimics" a potential postoperative situation. Rather, it has been suggested that functional imaging examinations should be applied prior to more invasive preoperative diagnostic procedures (Spreer et al., 2001) , or in cases where a Wada test gives ambiguous results. In addition to their noninvasiveness, another advantage of functional imaging methods lies in their yield of topographical information from which cortical language zones can actually be mapped. This can be relevant in the formulation of operational strategies when a lan-guage-dominant hemisphere is involved. In addition, it is now possible to examine which brain areas are recruited for language processing in patients with abnormal language organization after early left-sided brain damage. This was the scope of the present study.
Functional imaging results of patients with early LH lesions have been reported for epilepsy surgery candidates (Hertz-Pannier et al., 1997; Mü ller et al., 1998a Mü ller et al., ,b, 1999a , in patients with LH arteriovenous malformations (Lazar et al., 2000; Vikingstad et al., 2000) and in a child with a large corticosubcortical LH brain defect (Booth et al., 1999) . All these studies have described RH activation that more or less mirrors the normal LH pattern in healthy controls, but the exact topography of RH language organization has not been assessed.
In a previous publication (Staudt et al., 2001) , we could show that RH organization of language not only occurs after structural damage to cortical language zones, but can also develop after left periventricular brain lesions involving facial motor tracts. These latter lesions do not affect the cortex directly and rarely cause epilepsies (as ongoing and wide-spread disturbances of cortical function and organization). Thus, patients with this type of pathology are well-suited for a systematic assessment of the topography of RH recruitment in the cortical reorganization of language. We therefore reanalyzed part of the data from the previous study, which did not include any topographical information, and added two more patients, in order to assess the anatomical substrates of language processing in patients with RH dominance induced by early LH brain lesions.
SUBJECTS AND METHODS

Patients and Controls
This study included five young adult, native German-speaking patients with congenital right hemipareses (Table 1) due to unilateral left periventricular brain lesions (Fig. 1) , in whom fMRI, during a silent word generation task, had revealed more activated voxels in the RH than in the LH. These inclusion criteria were only fulfilled by patients 5-7 from our previous publication (Staudt et al., 2001) ; patients 1-3 had shown more activation in the LH than RH, and patient 4 had received bilingual education. We could, however, include two additional patients (U.E. and K.C.) who had been studied in the meantime. Patients with epilepsies, subnormal cognitive abilities, cortical involvement of the lesion, or bilateral pathology on structural MRI were excluded. The pre-and perinatal histories were unremarkable in two patients. Two others were born premature (33 and 36 weeks gestational age), and one (T.K.) was delivered at term by Cesarean section due to signs of fetal distress on cardiotocography. The age-and sex-matched control group consisted of five healthy right-handers (age 19 -32 years, 3 women). Informed written consent and approval from the local ethics committee were obtained.
Lesions in this location typically develop, e.g., as a consequence of periventricular hemorrhages or infarctions, during a period of high vulnerability of the periventricular white matter in the early third trimester of pregnancy (24 -36 weeks gestational age) (Volpe, 1995; Krä geloh-Mann et al., 1999) , either as (often unnoticed) intrauterine insults in term-born children, or as complications of premature birth. In our patients, the lesions were all located in the white matter adjacent to the cella media of the left lateral ventricle (Fig.  1) . They consisted of an irregular, focal dilatation of the ventricle due to loss of white matter, surrounded by a rim of gliotic scarring (appearing bright on proton density MRI, see Fig. 1 , left column). In none of our patients did the signal abnormalities extend into the cortex, so there was no evidence that cortical gray matter was directly affected. It should be noted, however, that such early white matter lesions can induce cytoarchitectonic alterations in adjacent cortical areas (Marin-Padilla, 1997) , so that the cortices in our patients can probably not be regarded as entirely normal.
An absolute quantification of the severity of these lesions is difficult, since the combination of ventricular enlargement, loss of white matter and gliosis does not allow for a precise determination of their absolute respective volumes. Instead, we determined the com- a Grading of hand motor impairment using the sequential finger opposition task, with 1, no significant restriction; 2, marked reduction of speed or incomplete performance; 3, complete inability to perform independent finger movements [Staudt et al., 2000] .
bined volume of the entire left lateral ventricle plus all areas of gliosis. This was achieved by manually tracing these regions on consecutive slices of the anatomical 3-D data sets, using the MRIcro software (available at http://www.psychology.nottingham.ac.uk/staff/cr1/ mricro.htm). In order to correct for different brain sizes, the resulting volume was then divided by the volume of the unaffected right lateral ventricle, so that FIG. 1. 1st column: Axial proton density MR images (white arrows ϭ central sulcus); 2nd column: Maximum intensity projections (MIP) of the left lateral ventricles (sagittal view), including areas of white matter loss and areas of gliosis (arrows); 3rd column: MIP of both lateral ventricles (axial view); 4th column: right lateral ventricle (sagittal view). The displayed volumes were constructed from manual tracings of both lateral ventricles on each patient's brain, after linear normalization had been performed to achieve standard width, height, length, and orientation. In order to avoid overlaps on the axial view, the temporal horns were not included in this illustration, but tracing was stopped 5 mm beneath the bicommissural plane. the asymmetry ratio (L/R) characterized the total volume of the lesion. In addition, we reconstructed semicoronal planes through the inferiormost part of the central sulcus and the genu of the internal capsule to depict the course of facial motor tracts in the periventricular white matter between these two anatomical landmarks of somatotopy. On these reconstructed planes, the severity of injury to facial motor tracts was assessed by measuring the distance of the lateral extent of the lesion from the interhemispheric fissure. This distance was then divided by the same distance measured from the lateral border of the right lateral ventricle, so that the severity of facial motor tract involvement is, again, expressed by an asymmetry ratio (L/R). Both methods have been previously described in detail (Staudt et al., 2001) .
RH organization of language can, albeit rarely, occur in healthy individuals as well (Pujol et al., 1999) , so that this possibility cannot be completely excluded in our patients. To substantiate the interpretation of RH organization of language in these subjects as lesioninduced, we considered two markers that have been identified as indicating a higher predisposition for the development of atypical language organization on a genetic basis: familial sinistrality (Hecaen et al., 1981) and reversal of the normal left Ͼ right asymmetry of the planum temporale (PT) (Steinmetz et al., 1991; Foundas et al., 1994 Foundas et al., , 1995 Habib et al., 1995) . The size of the PT was determined by manually marking its entire cortical surface on consecutive sagittal slices of 3-D MRI data sets, as described in detail in (Steinmetz et al., 1989) . Again, we used the MRIcro software to generate these regions of interest. Asymmetry ratios were then calculated from the cortical surface areas in the left and right hemisphere as (R Ϫ L)/(R ϩ L), so that negative values indicate a larger PT on the left side.
fMRI Task
The organization of language was studied by fMRI using a modified word generation paradigm: The participants were asked to silently generate "word chains," where only the starting letter for the first word is given by the examiner, but the following words were to start with the last letter of the previous word (example: dog-garden-neighbor-road, etc.).
All subjects received detailed instructions prior to the experiment. Except for being asked never to use the same word twice, no restriction as to the type of words (nouns, verbs, etc.) to be generated was given. All participants were tested overtly to verify that they had understood the task correctly, but no supplementary training was performed.
MRI Procedures
All MRI measurements were performed on a 1.5 Tesla Siemens Vision scanner. Structural images were obtained as axial dual spin-echo slices (TR 4800 ms, TE 14 and 85 ms, 2 ϫ 2 ϫ 4 mm 3 ) and T1-weighted 3-D data sets (128 contiguous sagittal slices, TR 9.7 ms, TE 4 ms, 1.5 ϫ 1 ϫ 1 mm 3 ). Functional imaging data were acquired using a whole-brain multislice echo-planar imaging (EPI) sequence (Klose et al., 1999 ) (TR 8 s, TA 4.87 s, TE 84 ms, 4-mm slice thickness, 1-mm gap, in-plane resolution 2 ϫ 2 mm 2 , 27 axial slices). The total experiment consisted of 48 volumes, arranged in a block design with alternations between four epochs of silent rest and four epochs of word generation; each of these eight epoch comprised 6 scan repetitions (ϭ 48 s). The first two images of the experiment were discarded in order to allow stabilization of longitudinal magnetization. With an interscan interval (TR) of 8 s and an acquisition time (TA) of 4.87 s, the scanning noise ceased for 3.13 s after each acquisition. This break was used to give a new starting letter ("B wie Banane," "M wie Mama," "S wie Sauce," "T wie Toast") at the beginning of each epoch of activation via the intercom, and the command "und-Pause!" before each epoch of rest. Only one such session was performed per subject.
fMRI Data Analysis
Postprocessing and statistical analysis of the functional images was performed using SPM99 (Statistical Parametric Mapping, Wellcome Department of Cognitive Neurology, University College London), and SPM99 default settings were used unless indicated otherwise in the following.
After realignment (including the adjustment for sampling errors), non-linear stereotactical normalization was performed using the averaged functional EPI image and the SPM EPI template. Since this is a critical step in the analysis of data from patients with early brain lesions (see Discussion), we analyzed the effects of non-linear warping in our patients in detail: The Jacobian determinant j was calculated for each voxel, which indicates the volume change each voxel in the normalized brain experienced during the normalization procedure. After correction for the linear components ( jЈ ϭ corrected Jacobian determinant), the percent volume change during non-linear warping was calculated as ͉ jЈ Ϫ 1͉*100%, so that voxels shrinking during warping ( jЈ Ͻ 1) were also assigned positive values. From these values, "deformation maps" were calculated, and average volume changes were determined for gray matter, white matter, and CSF in each hemisphere.
After normalization, the images were resliced to a resolution of 2 ϫ 2 ϫ 2-mm 3 voxels, smoothed with an anisotropic 6 ϫ 6 ϫ 15-mm 3 Gaussian kernel (thus tripling the original voxel size in each dimension), and high-pass filtered (cut-off period: 191 s). As basis functions for the general linear model, we used three boxcar functions that were convolved with the hemodynamic response function: One covariate ("of interest") reflect-ing the periods of word generation (ϭ 48 s, every 96 s), and two more covariates ("of no interest") reflecting the verbal commands to start and to stop generating words (ϭ 3 s, every 96 s). Statistical inference was only based on the first function; the two others were introduced to correct for any effects of auditory stimulation and processing caused by the verbal commands at the beginning of each epoch.
In a first step of statistical analysis, we calculated activation maps for each patient individually. A (P Ͻ 0.05) activation threshold was applied at voxel level, corrected for multiple comparisons. The numbers of activated voxels in the left and right cerebral hemisphere were determined, as suggested by Springer et al. (1999) , with exclusion of activated clusters in the interhemispheric fissure (which can often not be assigned to one hemisphere only) and activations outside brain tissue (e.g., due to CSF pulsatility or in draining subdural vessels). From the voxel counts, asymmetry indices (AI) of hemispheric activation were calculated as (R Ϫ L)/(R ϩ L), so that negative values indicate more activated voxels in the LH.
To obtain activation maps across subjects, the functional data within both groups were then combined in a "fixed-effect" analysis as the most sensitive approach to identify areas involved in language processing (Friston et al., 1999) . Again, we applied a corrected activation threshold of (P Ͻ 0.05) at the voxel level.
Voxel-wise comparisons between the two samples were performed as "random-effect" analyses: After entering the contrast maps of the individual subjects' analyses into a second-level analysis, voxel-wise T tests were performed to search for areas significantly more activated in one of the two samples. This "random-effect" analysis is considered the only valid approach to compare group data emerging from two different samples (Friston et al., 1999) . For these analyses, we applied a less conservative statistical threshold of P Ͻ 0.01 at the voxel level, and corrected for multiple comparisons only at the cluster level (P Ͻ 0.05).
Random-effect analyses were calculated in two different ways: First, the data from the patient sample was directly compared with the control data, so that the LH of patients was compared with the LH of controls, and the RH of patients with the RH of controls. This was done (i) to confirm the increased RH activation in the patients on a voxel-wise basis, and (ii) to assess whether activation in the (nondominant) LH of patients was topographically different from the activation pattern in the (dominant) LH of controls. In the second analyses, the activation patterns in the respective dominant hemispheres (RH in patients vs LH in controls) and in the respective nondominant hemispheres (LH in patients vs RH in controls) were compared. For this purpose, the normalized functional data from the controls had to be flipped in the x-direction, thus "projecting" their LH activation patterns onto the right hemisphere, and vice versa. The goals of these comparisons were (i) to assess whether RH recruitment in patients was topographically different from the normal LH pattern in controls, and (ii) to search for areas of increased activation in the nondominant LH of patients compared with the nondominant RH of controls. For all these random-effect comparisons, it is important to note, however, that due to the small sample sizes in this study, the sensitivity to detect minor differences is rather low.
Psychological Assessment
All subjects were recalled for psychological testing on a separate occasion, after the MRI experiment. This included overt assessment of the number of words produced during the word chain task, using the same timing parameters and starting commands as in the MRI experiment. In addition, all subjects underwent the German adaptation of the Wechsler scales (Tewes, 1994) , in order to assess their verbal (VIQ), performance (PIQ) and full-scale (FIQ) intelligence quotients. Figure 1 and Table 2 give the extent, location, and lesion ratios of the periventricular defects.
RESULTS
Patient Characterization and Behavioral Data
None of the patients had a first-or second degree relative who was left-handed, and, in each patient, the left planum temporale was larger than the right (Table  1) . Hence, no genetic predisposition to develop atypical language organization could be detected in any of our patients.
Psychological testing revealed normal overall intelligence in all patients and controls (Table 3) . On average, the control group scored higher than the patient group for all three parameters (FIQ, VIQ, PIQ), but statistical significance was only reached for FIQ and PIQ (P Ͻ 0.05; Student T test). Three of the patients (H.T., K.C., T.K.) showed a marked discrepancy between a high VIQ and a comparatively lower PIQ.
Overt testing of the word chain task showed no significant difference in the number of produced words between patients and controls (P Ͼ 0.6, Mann-Whitney U), and there was no correlation between the word production rate and IQ measures (FIQ: P Ͼ 0.4; VIQ: P Ͼ 0.4; PIQ: P Ͼ 0.5; Pearson).
Stereotactical Normalization
Qualitative inspection of the deformation maps confirmed that nonlinear warping in our patients was most pronounced in and around the periventricular lesions, with mesial brain structures showing greater distorsion than the lateral parts. The average volume changes caused by deformation during nonlinear warp-ing were therefore calculated separately for the mesial and lateral portions of each hemisphere. The results for each patient, as well as the range of the controls, are shown in Table 2 . In accordance with their larger lesions (as indicated by the lesion ratio of total volumes), average deformations exceeded the range of controls in H.T. (white matter), K.C. (CSF), and M.J. (all three compartments), but always only in the affected LH. Figure 2 and Table 3 show the results of the experiment for each individual patient and control subject. As expected, strong leftward asymmetry of activation was observed in the control group (mean AI ϭ Ϫ0.97; SD 0.06). In contrast, the rightward asymmetries of activation in the patients were weaker and more variable (mean AI ϭ ϩ0.75; SD 0.18). All average activated volumes were higher in the patient group (total: 1311.6 vs 737.0 voxels; dominant hemispheres: 826.0 vs 535.2 voxels; non-dominant hemispheres: 162.4 vs 7.0 voxels). On statistical comparison (Mann-Whitney U); however, only the difference in the asymmetry index and in the activated volumes of the nondominant hemispheres reached trend level (both P ϭ 0.056), whereas the other differences were not significant (P Ͼ 0.3).
Individual fMRI Analyses
The total activated volume did not correlate with the number of produced words during overt testing of the task (P Ͼ 0.7; Pearson); there was, however, a significant negative correlation between the total activated volume and IQ parameters (r ϭ Ϫ0.681, P Ͻ 0.05 for FIQ; r ϭ Ϫ0.720, P Ͻ 0.05 for VIQ; Pearson).
Since all patients showed at least three times as much activation in their RH as in their LH (AI Ն 0.5), they are considered "RH dominant," and all controls (AI Ͻ Ϫ0.8) "LH dominant."
Group Analyses
A comparison of the "fixed-effect" activation patterns in the respective dominant hemisphere (LH in controls, RH in patients; Fig. 3 ) revealed a high degree of similarity, which was substantiated by the comparison of local maxima of activation (Table 4) :
In both samples, the global maximum of activation was situated in the inferior frontal gyrus, including the classical "Broca's area" in controls and the "Broca analogue" in patients. From there, the activation extended in a posterior and dorsal direction into the premotor cortex, and anteriorly into prefrontal areas. The number of local maxima (Ͼ20 mm apart) in this lateral frontal cluster was five in the patients and seven in the controls, and the positions of these local maxima in the RH of patients differed by only 8.9 to 18.2 mm from the positions of local maxima in the LH of controls. Another large cluster was detected in the parietal lobe, both dorsal and ventral to the intraparietal sulcus. There were three local maxima in the patients as well as in the control subjects, and their positions differed by 7.5 to 17.9 mm. A third cluster that was present in both samples was located in the mesial frontal cortex, with one local maximum in the patient group, and two in the controls. Their positions differed by 8.9 and 18.9 mm.
The random-effect comparisons of increased activation in the patient group, compared with controls, are depicted in Fig. 4 . These analyses confirmed the stronger activation of the RH in the patient sample (Fig.  4R) , and their stronger activation in the (nondominant) LH when compared with the (nondominant) RH of controls (Fig. 4, ndom) . Both findings are in accordance with the results from the "fixed-effect" analysis (Fig. 3) , and also with the individual fMRI data (Table 3 ). In the comparison of the dominant hemispheres (RH in patients vs LH of controls), no significant difference could be detected (P Ͼ 0.7 at voxel level, P Ͼ 0.8 at cluster level; Fig. 4, dom) . And finally, no areas of activation were detected in the LH where the patients' (nondominant) activation exceeded the (dominant) activation in controls (P ϭ 0.5 at voxel level, P Ͼ 0.2 at cluster level; Fig. 4L ).
In the inverse comparisons (not shown), increased activation in controls when compared with the patient sample was detected, at trend level, in the frontal lobe of the LH (cluster level: P Ͻ 0.1), but not in the comparison of the respective RHs (P Ͼ 0.9 at voxel and cluster level), nor in the comparison of the flipped data (P Ͼ 0.9 at voxel level, P Ͼ 0.5 at cluster level).
DISCUSSION
This fMRI study on the topography of right-hemispheric language organization following early left brain injury revealed a striking similarity between LH activation in right-handed controls and RH activation in patients during a silent word generation task. In their respective dominant hemisphere, both groups showed activation in the inferior lateral frontal lobe and on its mesial surface, as well as in the vicinity of the intraparietal sulcus. Even the local maxima of activation within these three clusters showed almost identical positions in the respective hemisphere. Furthermore, voxel-wise comparison failed to detect significant differences in activation between the RH in patients and the LH in controls. These findings indicate that RH recruitment for language following early left brain injury occurs in areas homotopic to the LH language zones in healthy right-handers.
Previous functional imaging publications on RH language organization induced by early LH lesions have mostly described patients with therapy-refractory epilepsies, who underwent fMRI (Hertz-Pannier et al., 1997) or PET (Mü ller et al., 1998ab, 1999ab) as part of their pre-operative diagnostic work up. To draw general conclusions from a sample of epilepsy surgery candidates imposes, however, several important drawbacks, as already outlined by the authors of these publications:
(1) Severe and early-onset epilepsies exert ongoing functional disturbances of organization (and reorganization) of cortical areas beyond any underlying struc- tural abnormalities (Rausch and Walsh, 1984; Sankar et al., 1995; Sözü r et al., 1996) ; therefore, additional functional impairment of the intact hemisphere is not unlikely in such patients.
(2) Most preoperative functional imaging examinations in patients with early brain lesions have to be performed during childhood. In this age group, however, the organization of language might differ from the patterns in adults, and normative data from healthy children are still quite scarce for fMRI (Lee et al., 1999; Gaillard et al., 2000) or cannot be obtained at all for ethical reasons with PET.
(3) None of these studies (Hertz-Pannier et al., 1997; Mü ller et al., 1998ab, 1999ab) restricted their analyses in terms of the underlying pathology, so that differences in terms of location and timing of different lesions could not be accounted for.
In a previous publication (Staudt et al., 2001) , we reported that RH organization of language can also develop after early left subcortical, periventricular brain lesions involving facial motor tracts, but without any direct affection of language cortex. By using fMRI data from such patients to study the topography of language organization in the RH, all the above mentioned problems encountered in previous examinations of epilepsy surgery candidates can be overcome:
(1) The lesions were nonepileptogenic in all patients. (2) fMRI was not performed as a diagnostic tool prior to epilepsy surgery, so we were able to selectively recruit only patients aged 18 years or older, whose results could be compared with an age-and sex-matched control group.
(3) The uniform pathology of unilateral periventricular lesions together with the clinical information indicate a narrow time frame for their origin, namely the early last trimester of pregnancy (Volpe, 1995; Krä geloh-Mann et al., 1999) .
Since these patients represent such a well-suited and relatively homogeneous sample for this purpose, we decided to reanalyze part of the data from our previous publication, where no topographical information was included, and added two more patients which were recruited in the meantime.
The organization of language was studied by fMRI using a modified silent word generation task. Such paradigms induce strongly lateralized activation primarily in inferior frontal language zones; the lateralization of this activation correlates well with atypical lateralization of language as determined with the Wada test in patients with early brain lesions (HertzPannier et al., 1997; Benson et al., 1999; Lehéricy et al., 2000) . In contrast, the temporoparietal activations which can be obtained with perceptive language tasks are more variable and less lateralized (Lehéricy et al., 2000) . For this reason, the data obtained with the story-listening task in our previous study (Staudt et al., 2001) were not used in this analysis.
One of the most frequently used word generation tasks is the production of words starting with a given letter (e.g., Hertz-Pannier et al., 1997; Pujol et al., 1999; Gaillard et al., 2000) . In the pilot phase of our study, however, this task failed to elicit significant fMRI activation in a number of subjects, who themselves rationalized the failure as due to an insufficient Comparison of All Major Activation Sites (Fixed-Effect Analysis; Corrected P Ͻ 0.05; Cluster Size Ͼ 100 Voxels) in the RH of Patients and the LH of Controls, Including T-Values, Stereotactical Coordinates (Given in MNI Space) for All Local Maxima (Ͼ20 mm Apart), as Depicted in Fig. 3 Brain region Note. Also included are the distances between corresponding maxima of the two samples. MNI, Montreal Neurological Institute. Data are sorted by cluster size and T values in the patients.
word production rate during scanning. Hence, we introduced the generation of "word chains," in order to achieve a higher word production rate. Recently, Deblaere et al. (2001) could show that this task also corresponded well with Wada test results.
Compared with other verbal fluency paradigms, this word chain task, in addition to its phonological, lexical and semantic components, imposes higher demands on short-term memory. This increased working memory load is probably the explanation for the strong parietal activation (Paulesu et al., 1993) we observed, and also adds to the prefrontal activation elicited by the linguistic components (Simons et al., 2001; Wagner et al., 2001) . Due to this unspecificity, a differential assessment of the various components of language and language-associated networks can not be achieved with this task. On the other hand, we considered the reliably strong activation that this task produces to outweigh limitations in interpretability of elicited activation for the present study, in which individual activation patterns were required and only a small sample of selected patients was available. To obtain such strong activation was also the reason why silent rest was chosen as the control condition.
The voxel-wise group analyses we performed required stereotactical normalization. This is a critical step in the analysis of patients with focal brain lesions, since major distortions of anatomy can occur in their proximity during nonlinear warping (Brett et al., 2000) . When the insults occurred early in life, this procedure becomes even more problematic, because such lesions can induce, in addition, morphological changes in remote brain structures (Moses et al., 2000) . Hence, in general, it seems advisable to avoid nonlinear normalization of brains with early insults whenever possible. For the purpose of the current study, however, the gain in statistical power and information across subjects that could only be achieved by group analyses was necessary. Since these analyses require normalization, this step was nevertheless performed, but its effects were estimated by calculating averaged Jacobian determinants for each hemisphere in patients and controls. These analyses suggested that, in our patient sample, the topographic information from unaffected RHs can be used safely, whereas results involving their affected LHs must be interpreted with more caution.
Two further cautionary notes are important for the interpretation of our results: First, since only one language task was applied, the findings cannot be generalized for components of language that were not covered. These might, indeed, show different types of reorganization. And second, the number of patients in this study was rather small (n ϭ 5), so that the statistical power of the random-effect analyses was rather low. This must be considered in the interpretation of the null result the comparison of the respective dominant hemispheres yielded. In order to obtain such a homogeneous sample of patients, however, we introduced strict inclusion and exclusion criteria, so we had to accept that only a small sample was available.
The behavioral consequences of early focal brain lesions have been a matter of extensive discussions (for recent reviews, see Vargha-Khadem et al., 1994; Eisele and Aram, 1995; Bates and Roe, 2001) . While all studies support the idea that the developing brain is more resilient to damage than the mature brain, there is considerable variability across studies concerning both the specifity and the severity of the residual deficit. Concerning the acquisition of language functions, opinions range from an initially complete equipotentiality of the two hemispheres to an inborn specialization of the LH, which might even in the long run never be completely compensable by the RH.
The principal capability of the RH to acquire and process language is clearly demonstrated by many studies showing that in patients with early severe LH damage, the long-term outcome concerning linguistic abilities is quite good. This observation was reproduced in the present study, where RH-dominant patients did not differ from LH-dominant controls in linguistic abilities (as determined by the VIQ scores and the word production rate). Several studies on the development of language also found no differential effect of LH versus RH damaged children during the first steps of language acquisition, with both groups showing similar delays when compared with healthy children (Reilly et al., 1998; Chilosi et al., 2001) . Other studies have, however, observed minor differences during the acquisition of language (Vicari et al., 2000) , and described a small, but consistent disadvantage of LH compared with RH damaged children. These findings have been interpreted as indicators of an inborn predisposition of the LH for language processing. This hypothesis receives further support from anatomical studies describing structural asymmetries between the two hemispheres, especially in perisylvian regions (Geschwind and Levitsky, 1968) . Some of these asymmetries, e.g., the asymmetry in sulcal patterns (Sowell et al., 2002) , become more pronounced during childhood and could therefore be attributed to a regional specialization during the acquisition of language. In contrast, asymmetries in the size of the planum temporale (PT) (Witelson and Pallie, 1973; Wada et al., 1975; Chi et al., 1977) and of Broca's area (Wada et al., 1975) as well as in its cytoarchitecture (Amunts et al., 2000) can already be observed prenatally and in early infancy, thus clearly before the age of language acquisition.
All these findings converge into a theory of "nearequipotentiality" of the two hemispheres: The fact that focal brain insults lead to delays in language development regardless of the hemisphere that is lesioned suggests that contributions from both hemispheres are necessary for a normal acquisition of linguistic abilities, and the subtle behavioral differences between children with LH vs RH lesions during the first steps of language development indicate that each hemisphere contributes specifically. After this initial phase, language representation gradually becomes more focussed, and it could be the structural differences between the two hemispheres that exert a "soft" bias leading the LH into responsibility for language in most individuals. These anatomical biases might not even be specific for language, e.g., as demonstrated by the fact that asymmetry of the planum temporale can also be observed in chimpanzees (Gannon et al., 1998) . In this theory of "near-equipotentiality," early LH lesions can alleviate or even reverse this bias, so that in affected children, brain regions in the undamaged RH are increasingly utilized for the definitive organization of language. Referring to our observations, this would mean that even relatively small periventricular lesions involving facial motor tracts (like in T.K. or U.E.) can exert a bias towards language organization in the unaffected RH.
The fMRI data from the present study corroborate equipotentiality of the two hemispheres on a topographical level: Despite all anatomical differences (see above), language areas are organized in RH brain regions which are mostly homotopic to the language zones in the LH of healthy right-handers. In most patients, however, this "shift" of language representation is incomplete (cp. Staudt et al., 2001) , and various degrees of activation were still present in their affected LHs. These LH activations were apparently located in the "original" language zones, as indicated by the fact that no significant LH activation was detected outside the brain areas showing activation in the (dominant) LH of controls. Thus, intra-hemispheric reorganization within the affected LH seems to play only a minor role. Taken together, these results could indicate that different severities of early LH lesions can cause different degrees of participation of homologous areas in the two hemispheres. Interestingly, the same seems to be true for some language-related areas, as indicated by the reorganized topography of phonologic short-term memory components we observed.
On the other hand, one might argue that the overall larger activated volumes in the patients reflect a lower predisposition of the RH for language processing, in a sense that this would necessitate the recruitment of more extended neural networks. The variability in overall activation can, however, be much better explained by IQ differences, as indicated by the significant negative correlation of the total activated volume with both FIQ and VIQ, in patients and controls taken together. This reproduces findings of a PET study (Parks et al., 1988) demonstrating that glucose uptake during a verbal fluency task was lower in volunteers with a higher IQ level, which has been interpreted as a more efficient use of neural networks (Deary and Caryl, 1997) .
Behavioral consequences of RH organization of language induced by early LH lesions have also been described for cognitive functions which, in undamaged brains, are processed by the RH: Patients with early LH lesions have been repeatedly reported to show selective deficits in visuospatial abilities (Verity et al., 1982; Ogden, 1989; Strauss et al., 1990; Carlsson et al., 1994; Helmstä dter et al., 1994; Mariotti et al., 1998) in contrast with their normal or only slightly abnormal language skills. This phenomenon is often explained by the (re-)organization of language in the RH of such patients, assuming that this compromises functions that are originally subserved there-the so-called "crowding hypothesis" (Teuber, 1974; Strauss et al., 1990; Carlsson et al., 1994; Mariotti et al., 1998) . The patients in this study showed normal results on both verbal and performance IQ. Nevertheless, the marked discrepancy between a higher verbal than performance IQ in three of them could indicate that their visuospatial abilities (as assessed with the PIQ items) were indeed suboptimal when compared with their superior VIQ results. This would be in line with the abovementioned "crowding" hypothesis, indicating a competition for the intact neural substrate of the RH between language organization and brain functions innately processed there. Interestingly, this rivalry does not seem to result in changes in the topography of RH language recruitment, as suggested by the fMRI results of the present study. This would, on a functionalanatomical level, be consistent with speculations of a priority of language over other functions during development (Mariotti et al., 1998) . Future studies are planned to address whether changes in the organization of such potentially "compromised" RH functions, such as visuo-spatial processing or prosodic components of language (Wildgruber et al., in press ), can be detected-in either topographical or behavioral dimensions or both.
Aside from these neuropsychological implications, our findings are of direct clinical relevance in patients where fMRI is used to determine hemispheric language dominance in a presurgical situation: Under these circumstances, perhaps the most difficult task in the interpretation of fMRI data from individual subjects is the differentiation between "artificial" (e.g., movement artifacts) and "real" activation. From our results, it can be concluded that in patients with RH language organization, activation should be expected in brain regions homotopic to the LH activation of healthy controls, and that any RH activation outside these expected locations must be interpreted with caution. In addition, this homotopy we observed justifies the use of methods that compare homologous regions in the LH and RH to assess language dominance in individual subjects, as suggested by Mü ller et al. (1998a) and Fernandez et al. (2001) .
